The iron oxide mineral magnetite (Fe 3 O 4 ) is produced by various organisms to exploit magnetic and mechanical properties. Magnetotactic bacteria have become one of the best model organisms for studying magnetite biomineralization, as their genomes are sequenced and tools are available for their genetic manipulation. However, the chemical route by which magnetite is formed intracellularly within the so-called magnetosomes has remained a matter of debate. Here we used X-ray absorption spectroscopy at cryogenic temperatures and transmission electron microscopic imaging techniques to chemically characterize and spatially resolve the mechanism of biomineralization in those microorganisms. We show that magnetite forms through phase transformation from a highly disordered phosphate-rich ferric hydroxide phase, consistent with prokaryotic ferritins, via transient nanometric ferric (oxyhydr)oxide intermediates within the magnetosome organelle. This pathway remarkably resembles recent results on synthetic magnetite formation and bears a high similarity to suggested mineralization mechanisms in higher organisms.
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ferrihydrite | geomagnetism | hematite | nanoparticles | precursors T he iron oxide mineral magnetite (Fe 3 O 4 ) is biomineralized by various organisms that exploit its magnetic and mechanical properties to fulfill biological functions in these organisms (1) . For example, the homing pigeon mineralizes magnetite in its beak as a sensor for the geomagnetic field to successfully navigate over long distances (2) . Chitons, marine mollusks that feed on algae attached to rock, use magnetite-reinforced radula teeth to scrape their food from the rocks' surface (3, 4) . However, the most abundant and widespread occurrence of biogenic magnetite is found in magnetotactic bacteria, a group of marine and freshwater organisms from different phyla that share the common characteristic of intracellular magnetite mineralization for geomagnetic navigation purposes (5, 6) .
In general, magnetite is formed as ferrimagnetic single-domain nanoparticles in discrete vesicle compartments called magnetosomes aligned by a bundle of filaments along the cell axis of the bacteria. Number, size, and morphology of the crystals can vary between species to a large extent; however, these properties remain constant within different members of a single species (5, 6) . The unique control exerted by the magnetotactic bacteria over the synthesis of magnetite nanoparticles also has brought about a great deal of interest from outside the biological community. In particular, understanding the underlying synthesis principles might provide materials chemistry with novel methods to control magnetite nanoparticle properties for a wide range of applications (7) . As a result, the formation mechanism has been studied in recent years by various microbiological, genetic, and physicochemical methods (5, 6) . However, despite tremendous advances, specifically in the understanding of the involved genes' and proteins' roles (8) (9) (10) (11) (12) , essential knowledge about the actual iron chemistry in the mineralization of the particles lags behind. Characterization of the magnetite's precursor material is particularly critical for understanding different and crystallographically unusual nanoparticle morphologies. For example, ion-by-ion growth is expected to yield crystals with well-defined facets that are consistent with the underlying crystal structure; that is, uniform growth along energetically identical planes leading to cubo-octahedrally shaped magnetite particles. In contrast, organisms often make use of amorphous precursor phases, which can be molded into the desired morphology before crystallization (13) . Beautiful examples of this phenomenon are found, for example, for magnetite in the chiton's teeth (4), for calcium carbonate in sea urchins (14, 15) , and for calcium phosphate in bone (16) . However, for magnetite in magnetotactic bacteria, this notion is not yet experimentally well supported, although often preferential anisotropic growth along one [111] direction is observed in some strains (17, 18) . Furthermore, mechanisms of biogenic magnetite formation in general have remained elusive and are still under debate, in particular regarding the presence, nature, and localization of precursors (19) (20) (21) . Magnetotactic bacteria can therefore serve as model systems, as the handling and genetic manipulation of bacterial cultures is straightforward with respect to studies on higher organisms such as, for example, the pigeon (2) .
First attempts to characterize iron speciation in magnetotactic bacteria were made by Frankel et al. (19) , who suggested three different phases in the magnetite crystallization process inferred from data obtained by Mössbauer spectroscopy on mature Magnetospirillum magnetotacticum strain MS-1: a low-densityhydrous ferric oxide that was followed by a high-density-hydrous ferric oxide (namely ferrihydrite [Fh] ), which on partial reduction transforms to magnetite. However, spatiotemporal aspects remained unresolved. More recently, methods for the cultivation of magnetotactic bacteria in Fe-depleted media have enabled time-resolved experiments in which magnetite mineralization can be induced at will on the transfer of cells into Fe-containing media. Using this method, a Mössbauer study on Magnetospirillum gryphiswaldense strain MSR-1 (20) did not observe any mineral precursors apart from ferritin, from which, along with ferrous iron, magnetite was suggested to be coprecipitated inside the magnetosome compartments. However, the spatial information was inferred from cellular fractionation, not microscopy. On the basis of X-ray circular magnetic dichroism, hematite (α-Fe 2 O 3 ) was found as a precursor to magnetite in the same bacterial strain and was suggested to represent an outer layer around the nascent magnetite phase from which it grew (21) . Very recently, the involvement of bacterioferritin in the mineralization pathway was again suggested in this strain (22) . Thus, it remained to be determined which of the differently proposed precursor materials is involved in the mineralization of magnetite or how the different findings can be reconciled, how the precursors are spatially distributed within the bacterial cell, and how the phase transformation proceeds from precursor to final mineral.
Here we show that the magnetotactic bacterium Magnetospirillum magneticum strain AMB-1 forms a highly disordered, phosphate-rich ferric hydroxide phase consistent with prokaryotic ferritins, which transforms via nanometric ferric (oxyhydr)oxides to magnetosomal magnetite. We used Fe K-edge X-ray absorption spectroscopy at cryogenic temperatures to characterize the involved iron species and to investigate their time-resolved evolution. Highresolution transmission electron microscopy (HRTEM), high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), and energy-dispersive X-ray spectroscopy (XEDS) mapping localize the magnetite precursor phase, as distributed discretely along the bacterial cell axis in agreement with the known chain structure of magnetosome vesicles indicating localization within these compartments. Position, size, and morphology of precursor and product support the notion of a solid-state phase transformation from nanometric ferric (oxyhydr) oxides comparable with recent observations of magnetite formation in solution (23) and biomineralization of other minerals in vivo (14-16).
Results and Discussion
The magnetotactic bacteria were initially grown in Fe-depleted aerobic medium to reach a nonmagnetic state. On cell transfer into microaerobic Fe-containing medium, both conventional brightfield TEM and magnetically induced differential light scattering coefficient (C mag ) assay (24), a qualitative test for bacterial orientation in a magnetic field, show the rapid accumulation of iron and formation of magnetite (Figs. S1-S5). TEM shows, after just 10 min, the first dark-contrasted spots of a few nanometers size in the cells, which form over time discretely and are widely distributed on a nearly linear axis along the inner curvature of the spirillum helix consistent with the known localization of the magnetosomes in AMB-1 ( Fig. S3) (25) . The onset of magnetic response (C mag > 0) appears within 75-105 min (Fig. S1 ), in agreement with similar observations on M. gryphiswaldense MSR-1 (20) .
We use the X-ray absorption near-edge structure (XANES) at the Fe K-edge to follow the iron speciation in samples collected and immediately frozen along the time-course experiment ( Fig.  1) . The characteristic spectral features of magnetite become increasingly dominant over time: an intensifying and narrowing 1s-3d/4p electron transition preedge peak at 7,114 eV ( Fig. S6) , which is in agreement with the increasing presence of tetrahedrally coordinated Fe 3+ ions (26, 27) , a shoulder feature in the edge at 7,127 eV, and strong peaks at 7,131 and 7,146 eV ( S6 ). This shift indicates an overall reductive phase formation process in vivo. At the early stages, we observe a shoulder feature at 7,139 eV (Fig. 1A, red arrow) , which disappears concomitantly with the crystallization of magnetite. This shoulder is observed in the XANES spectrum of a regular Fe III octahedron, such as the Fe III hexaaquo complex, and in strengite (FePO 4 ·2H 2 O) (28) . It is also observed in hydrated amorphous ferric sulfate (27) , as well as in poorly ordered ferric phosphates (28) .
It is known that prokaryotes can store iron in the form of (bacterio)ferritin, proteins that can contain large amounts of phosphate along with iron, which disturbs the mineral structure (29) (30) (31) . Thus, we hypothesized a phosphate contribution to the bacterial iron species studied here, which is supported by the similarity between the spectrum of the early bacterial mineral and that of the poorly ordered ferric phosphate hydroxides we synthesized as model compounds. Accordingly, the shoulder is clearly observed in the XANES spectra of our poorly ordered ferric phosphate hydroxides, and its intensity increases with an increasing P/Fe ratio (P/Fe = 0.4, 0.8, and 1.1) (Fig. 1A) . In contrast, the shoulder at 7,139 eV is not observed in Fh, the mineral usually associated with ferritin. In addition, the shoulder at 7,149 eV characteristic for Fh (blue arrow) almost completely disappears in our model phosphate compounds and the earlystage cells.
Linear combination fitting of the time-resolved induction series with the obtained standard spectra reveals that the bacteria, on the basis of XANES, contain only two major different pools of iron, which change their spectral contributions over the timecourse of biomineralization ( Fig. 1 B and C and Figs. S7-S9): a disordered ferric phosphate-like phase, similar to the P/Fe = 1.1 model compound, and the growing magnetite phase. Although the Fe K-edge jump intensity (which is proportional to the iron concentration) increased by three-to fourfold over the investigated time, the phase content of phosphate-rich ferric hydroxide dropped from around 90% to 0% (Fig. 1C) . Thus, the concentration of the phosphate compound fell below its initial value, indicating that the material is consumed in the mineralization of magnetite. Note also the remarkable correlation between the onsets of magnetic response in the C mag assay and detectable magnetite in XANES (Fig. 1C and Fig. S1 ).
We analyze further the extended X-ray absorption fine structure (EXAFS) of the two involved major species: Fig. 2 shows the first-and second-shell fitting results of Fe in the late stage of induced cells after 46 h, which contain mainly mature magnetosomes, and the early stage after 30 min, devoid of mature magnetosomes (Fig. S2) . Accordingly, for mature cells, we obtain a good-quality fit to the inverse spinel magnetite structure (Fig. 2 and Table S1 ). Note that in magnetite, two distinct iron sites exist, of which two-thirds are octahedrally and one-third are tetrahedrally coordinated (32 (32) . In Fe-oxides containing both octahedrally and tetrahedrally coordinated iron (III), the out-of-phase interference between these two Fe-O shells A B C D systematically leads to an underestimation by EXAFS of the total number of first oxygen neighbors around the iron atom (n = 3.5-4.5) compared with that expected from crystal structure (e.g., n = 5.25-5.33 for maghemite and magnetite, respectively) (26). In the early mineralization stage, the second shell features in the Fourier Transform are much weaker than for mature cells (Fig. 2  C and D) . Shell-by-shell fit of the AMB-1 30-min EXAFS data indicates that the material comprises octahedrally coordinated iron with oxygen in the first shell at a ∼2.00-Å distance. Secondshell paths include both Fe-Fe at ∼3.0 Å and Fe-P at 3.24 Å, in agreement with the structures of poorly ordered phosphatecontaining ferric oxyhydroxides. In such phases, the linkage of phosphate tetrahedra to corners of the FeO 6 octahedra (Fe-P ∼3.25 Å) progressively suppresses the characteristic Fe-Fe interactions of the Fh structure at ∼3.45 Å and ∼3.0 Å (28), which are also present in horse spleen ferritin (29, 31) . Hence, when increasing the P/Fe ratio, the interaction at ∼3.45 Å distance is the first to disappear, and the ∼3.0 Å distance is also absent in amorphous ferric phosphate, as illustrated by the EXAFS analysis of our model compound sample (am-FePO 4 ).
To locate the phosphate-rich ferric hydroxide phase within the cells, we studied the earliest mineralization stages, using HAADF-STEM and XEDS elemental mapping. For AMB-1 after 10 min induction, it appears that iron and phosphorus are spatially correlated in diffuse intracellular patches, in line with the observation of the disordered phosphate-rich ferric hydroxide phase by XANES and EXAFS ( Fig. 3 B and C) . Both methods reveal that iron, but not phosphorus, is also localized along the inner curvature of the helical cells in the form of defined nanometric particles or small aggregates, consistent with the dark contrasted objects observed by conventional bright-field TEM (Fig. S3) . These particles and aggregates are distributed linearly along the long axis of the cell helix at discrete spacings of 76 ± 31 nm in agreement with the known location and size of the magnetosome compartments in AMB-1 (25) . HRTEM and fast Fourier transform (FFT) analyses show that the earliest observed crystalline particles 10 min after induction are magnetite (∼50%) or nanometric ferric (oxyhydr) oxide aggregates (∼50%) such as Fh, poorly crystalline iron oxyhydroxides, and hematite (Fig. 3 D-F and Figs. S3 and S4 ). Particles of all phases at this stage fall within the same size range of around 8 ± 4 nm. Thirty minutes after induction, only magnetite particles were observed (Fig. S5) .
Although Fh is known to be a metastable precursor of magnetite in the presence of ferrous iron, hematite is typically considered thermodynamically too stable. However, the high surface energy of 0.75 ± 0.16 J·m −2 renders the small and irregularly shaped nanohematite in the size range observed here with surface areas ≥∼26,000 m 2 ·mol −1 (equivalent to a minimal surface ∼7-nm sphere) potentially as metastable as the Fh phase (33) . Phosphate inhibits the formation of iron oxides including magnetite (34); thus, a biochemical mechanism must exist in the magnetotactic bacteria that is able to separate phosphate from the environment of the nascent magnetite phase in the magnetosome vesicles likely concomitant with transmembrane transport. In addition, the observed reduction of ferric to ferrous iron is consistent with typical biological redox potentials (35) , although the specific physicochemical parameters within these vesicles are unknown.
Bacterioferritin has not been studied in detail by high-resolution imaging techniques because of its amorphous character. Eukaryotic ferritins, in contrast, are well-studied proteins and show structural features consistent with ∼5-nm large iron-containing particles with ∼2-nm-sized domains of Fh, and sometimes hematite, very similar to our observations in the bacteria (36, 37) . Prokaryotic ferritin primarily differs from its eukaryotic homologs in its high-phosphate content, which can reach P/Fe ratios of 1.7 (for comparison, horse spleen ferritin has a ratio of P/Fe of 0.125) (30) . Therefore, we expect that separation of phosphate from bacterioferritin will lead to crystallization of Fh, as observed here within the magnetosomes (Fig. 4) . On partial reduction of Fe III to Fe II , this nanometric phase can transform to magnetite. As we did not observe Fh by X-ray absorption spectroscopy, this phase is likely only present as minor and shortlived intermediate in this process. The irregular morphology of the first magnetite particles supports the notion of a solid-phase transformation from the precursor. In fact, only very recently have we been able to demonstrate that in solution, synthetic magnetite nucleates and grows from nanometric Fh-like aggregates bearing close resemblance to the precursor material here, both in size and morphology (23) . Similarly, the precursor in the in vitro system is short-lived and does not form a bulk amorphous phase, as seen, for example, in CaCO 3 . Although the bacterial strain investigated here does not show symmetry-breaking anisotropic crystal growth, as found in some strains, such as Magnetococcus marinus MC-1, Magnetovibrio blakemorei MV-1, or Desulfovibrio magneticus RS-1 (5), we expect that the mechanism observed here could enable such shape formation by the controlled deposition of the precursor inside the magnetosome compartments. We expect a suppression of the mineralization, as observed in several spontaneous and genetically modified mutants, when either phosphate separation or Fe III reduction are impeded in the magnetosomes (5, (8) (9) (10) (11) (12) . A particularly interesting case, and one potentially relevant to our observation of hematite in the early phase, is the report about a MamM mutant in M. gryphiswaldense MSR-1, which produces hematite containing magnetosomes by a mechanism that is yet unknown (9) .
Conclusions
In conclusion, we show that magnetite formation in magnetotactic bacteria proceeds from a phosphate-rich ferric hydroxide phase, supposedly via a transient and short-lived Fh phase followed by reduction to form the final magnetite mineral (Fig. 4) . The findings described here also bear significance beyond magnetite mineralization in magnetotactic bacteria alone, as some higher organisms such as the homing pigeon are also capable of its formation. Interestingly, in these birds, magnetite appears to be colocalized with ferric phosphate, suggesting potential similarities in the formation mechanisms in pro-and eukaryotes (38) . Finally, we believe that the understanding of the process in the bacteria can lead to unique morphology-selective synthesis methods for magnetite nanoparticles and their future technological applications.
Materials and Methods
Bacterial Samples. M. magneticum (AMB-1) was grown aerobically at 28°C in modified low iron medium, harvested and transferred to microaerobic (1% oxygen) flask standard medium (1.4 L) to induce magnetite biomineralization (39) . Induced cells were sampled at consecutive times (90-135 mL each), centrifuged 5 min at 9,000 × g, 4°C, and washed 3× with 5 mL Tris-buffered saline at pH 7.6. The pellets were resuspended in 100 μL Tris-buffered saline plus 25 μL glycerol and frozen in liquid nitrogen on sample holders with Kapton film support. Because iron concentrations in these samples did not exceed 0.1 mol·L −1 , X-ray absorption spectroscopy (XAS) amplitude reduction resulting from self-absorption was expected to be less than 10%, as estimated using the algorithms implemented in Athena (40) . Samples were stored at −80°C and sent to European Synchrotron Radiation Facility on dry ice, where they were stored at −80°C until measurement.
Synthetic Reference Samples. Synthetic samples were precipitated on-site, using a modified commercial titration device (Metrohm) equipped with an oxygen sensor (PreSens). Magnetite was precipitated under nitrogen atmosphere by slow dosing of a ferrous and ferric iron chloride solution (333 mM Fe II and 667 mM Fe III at a rate of 1 μL·min −1 ) to a dilute sodium hydroxide solution (10 mL) constantly kept at pH 9. Fh was precipitated by neutralization of a ferric nitrate solution (0.1 M) with sodium hydroxide. Ferric phosphate hydroxides were precipitated analogously after the addition of phosphoric acid with stoichiometries of P/Fe = 0.5, 1.0, and 1.5, yielding P/Fe = 0.4, 0.8, and 1.1 (±0.5) minerals, as determined by energydispersive X-ray spectroscopy. Samples (100 μL) were mixed with 25 μL glycerol and frozen in liquid nitrogen for XAS. An amorphous ferric phosphate hydroxide referred to as am-Fe III PO 4 and analyzed previously using EXAFS spectroscopy at the SAMBA beamline (SOLEIL) was synthesized with an initial P/Fe ratio of 1.5, according to the procedure of Eynard et al. (41) .
X-Ray Absorption Spectroscopy. Fe K-edge XANES spectra and EXAFS spectra were recorded at the undulator beamline ID26 of the European Synchrotron Radiation Facility. We used Si(311) double-crystal monochromator and focusing mirrors, giving a beam spot size of ∼200 × 400 μm 2 on the samples.
Data were recorded in fluorescence detection mode, using a Rowland-type spectrometer equipped with 4 Ge(440) analyzer crystals and a Si-photodiode. During all measurements, samples were cooled to 20 K, using a liquid He cryostat. Spectra were collected in quick-scan mode, scanning the undulator gap for EXAFS data. XANES spectra and preedge spectra were recorded with 0.1 eV step, counting 20 s from 7,100 to 7,200 eV and 30 s from 7,103 to 7,122 eV, respectively. EXAFS spectra were recorded up to k = 11.7 Å −1 , using 1 eV steps and counting for 300-500 s per scan. To improve data quality, 10-100 XANES scans and 10-60 EXAFS scans were recorded for each sample. Samples were moved a few hundred microns between each scan to minimize radiation damage. Data were averaged, using PyMca 4.6.0 (42), after evaluation for iron photo reduction. Averaged spectra were normalized using Athena 0.8.059 (40) , and EXAFS data were extracted using the Autoback routine, using the same program. Linear combination fitting of XANES data were performed with the respective functions of Athena. EXAFS data were Fourier Transformed over the k = 2-11.6 Å −1 range, applying a Kaiser-Bessel window with a Bessel-weight of 2.5. Nonfiltered and filtered (0-4Å R-range, uncorrected for phase shift) EXAFS data were fit in k-space, with an amplitude reduction parameter S 0 2 (32) set to a value of 1 (26) . Phase and amplitude functions used in this procedure were calculated with Feff8 (43), according to curve-wave backscattering theory of EXAFS and using the magnetite crystal structure of Fleet (32) and the vivianite structure of Fejdi (44) .
Electron Microscopy. Samples were adsorbed to carbon film-coated Cu TEM grids. After removal of the liquid with Kimwipe paper, grids were washed with a drop of deionized water to remove residual salt precipitates. Standard imaging was performed on a Zeiss EM 912 Omega with 120 kV acceleration voltage. HRTEM, HAADF-STEM, and XEDS elemental mapping was carried out on a Jeol 2100F microscope. This machine, operating at 200 kV, is equipped with a field emission gun, an ultra-high-resolution pole piece, and an ultrathin window JEOL detector. HRTEM images were obtained with a Gatan US 4000 CCD camera. X-Ray Diffraction. Reference samples (Fig. S9) were studied at the μSpot beamline of BESSY II, using a Si 111 double-crystal monochromatordefined 100-μm-wide beam of 15 keV. Diffraction data were acquired on a 3,072 × 3,072 pixel MarMosaic 225 CCD camera (Mar USA) with a 73.242-μm pixel size. The sample-detector distance was determined from an internal or external α-SiO 2 standard. Data reduction was performed using Fit2D.
